Using data collected by the MACRO experiment from 1989 to the end of its operations in 2000, we have studied in the underground muon flux the shadowing effects due to both the Moon and the Sun. We have observed the shadow cast by the Moon at its apparent position with a significance of 6.5 σ. The Moon shadowing effect has been used to verify the pointing capability of the detector and to determine the instrument resolution for the search of muon excesses from any direction of the celestial sphere. The dependence of the effect on the geomagnetic field is clearly shown by splitting the data sample in day and night observations. The Sun shadow, observed with a significance of 4.6 σ is displaced by about 0.6 • from its apparent position. In this case however the explanation resides in the configuration of the Solar and Interplanetary Magnetic Fields, which affect the propagation of cosmic ray particles between the Sun, and the Earth. The displacement of the Sun shadow with respect to the real Sun position has been used to establish an upper limit on 4 the antimatter flux in cosmic rays of about 48% at 68% c.l. and primary energies of about 20 TeV.
Introduction
MACRO was a large area underground detector located in Hall B of the Gran Sasso National Laboratory (LNGS) in Italy at an average depth of 3700 m.w.e,
13
• 34´E longitude and 42
• 27´N latitude. A detailed description of the detector can be found in [1] . The experiment was primarily designed to search for monopoles and rare particles in the cosmic rays, including high energy neutrinos and muons from cosmic point sources [2] . These sources can be inferred from an excess of muons above a nearly isotropic background in a particular region of the sky [3, 4] . An important requirement for any kind of detector using this technique is the determination of the best signal/background ratio, which is related to the angular resolution.
It was originally suggested by Clark [5] that an observed narrow angle "shadow" in the cosmic ray flux due to the absorption by the Sun and the Moon can be useful to test the angular resolution [6] and the pointing ability of cosmic ray detectors [3, 4] . Moreover, the positive determination of the Moon shadow in the expected position, validates the analyses of coincident data between different detectors as MACRO together EAS-TOP [7] or other detectors [8] .
However, since the angular diameter of these bodies is about 0.5
• wide, only detectors having good angular resolution and sufficient statistics have the possibility to detect this signal. Several large air shower arrays [9] [10] [11] [12] [13] [14] [15] and shallow depth detectors [16] have observed these effects. Deep underground observations (>2000 m.w.e.) have greater difficulties in observing the shadows, due to the greatly reduced underground muon flux. However MACRO [17] , SOUDAN2 [18] and LVD [19] have all collected data continuously for about 10 years, thereby gaining the sufficient sensitivity to observe the effect.
Underground muons are the remnants of the air showers initiated by the collisions of primary cosmic rays with air nuclei. The secondary muons which reach the MACRO detector had to cross a minimum rock overburden of 3200 hg cm −2 . This corresponds to a minimum energy of the muon at the surface of about 1.4 TeV and to a primary proton with median energy around 22 TeV.
Since the Earth Magnetic field is approximately (to within 10%) a dipole field, and its strength is 0.5 G at the surface, a single charged particle crossing it will acquire a transverse momentum of about 25 GeV/c for a path integral over few Earth' radii. The average displacement of muon trajectories due to this effect,as viewed in the detector, will be [0.15
for positive primaries, [20, 21] . Therefore the apparent position of the Moon shadow will appear moved to the west direction (with respect to the EarthMoon direction) by the same amount.
The motion in time of the Earth's magnetic pole around its average position, introduces a smearing of the shadow when the effect is observed over many years [22] . Additional smearing can be produced by the fact that the observations are made at different angles and at different times of the year.
The Sun shadowing effect is more complicated to estimate. Particles shadowed by the Sun are traveling in the direction of the Sun-Earth axis and therefore are traveling through the solar magnetic field and the Interplanetary Magnetic
Field (IMF). The IMF is due to the electric currents in the Sun that generate a complex magnetic field which extends out into the interplanetary space. As the Sun's magnetic field is carried out through the solar system by the solar wind and the Sun is rotating, the rotation winds up the magnetic field into a large rotating spiral, known as the Parker spiral. The magnetic field is primarily directed outward from the Sun in one of its hemispheres, and inward in the other. This causes opposite magnetic field directions in the Parker spiral. The thin layer between the different field directions is described as the neutral current sheet. Since this dividing line between the outward and inward field directions is not exactly on the solar equator, the rotation of the Sun causes the current sheet to become "wavy", and this waviness is carried out into interplanetary space by the solar wind. For this reason the IMF shows a sector structure with field directions reversing across the sector boundaries [23, 24] ; therefore, in some sectors the magnetic field points inward, and outward in others. Moreover, this structure varies with the solar activity cycle; a complete simulation must thus take into account the solar activity phase and the sectors encountered by the particle traveling in our solar system [25] [26] [27] .
The possibility to use the Moon and Sun shadows as mass spectrometers was first explored by Lloyd-Evans [28] ; following this idea Urban et al. [20] proposed this method as a way to search for antimatter in primary cosmic while the resulting shadow due to antiprotons should be to the east. However to resolve the images, the two disks must be far from each other, at least by the disk diameter itself.
The shadow of the Moon was previously observed by MACRO using a partial data sample [17] . In this paper we present the measurement of the Moon and Sun shadows using the full data set of muons collected by the MACRO detector. Using the result obtained for the Sun we are able to set an upper limit to the antiproton flux of TeV energy at the Earth.
2 The muon data sample and the expected background
Muon data sample
The muon sample used for the present analysis includes all events collected The run and event was used to select good quality events were the same as in our first analysis of the Moon shadow [17] and for the muon-astronomy searches [3] . Thus, only muon events contained in a half-angle cone of 10
• and centered on the Moon and the Sun have been retained for further analysis.
The number of events that passed all cuts in the Moon window was 404988, almost doubling the previous statistics, and 396662 events in the Sun window.
The rate of accumulation of the events in the two windows is given in Fig. 1 .
As visible in Fig We note that during the period when MACRO was operative the solar activity went from its maximum phase in 1991, through a minimum phase around 1996/97 to the beginning of the next maximum in 2001. However almost 62% of the total events were accumulated from 1994 onward, close to the period of minimum solar activity when the neutral sheet was probably lying close to the ecliptic plane with little warping [29] . The period is contained within the so-called A>0 phase of the solar cycle during which the magnetic field of the Sun is directed outward at the north pole of the Sun and inward in the South.
As in our previous analysis, for each real event observed, we produced 25 simulated background events, by randomly coupling muon directions and times, as explained in [3] . This technique was used to estimate the expected events from any direction of the sky, including the Sun and the Moon.
Shadow of the Moon
The Moon is a celestial body moving quickly in the sky. Thus, to perform the analysis it is necessary to make a very precise and accurate computation of its position. The topocentric position of the moon was computed at the arrival time of each event using the database of ephemerides available from the Jet Propulsion Laboratory, JPLEPH [30] . A correction for the parallax due to MACRO's instantaneous position on the Earth was then applied to each ephemeris position [31] .
Event deficit around the Moon
The distribution of events with arrival directions close to the Moon direction can be used to make visible the event deficit around the Moon disk. The average disk radius is computed for each event of the 404988 events in the sample giving a value of 0.26 ± 0.01. Fig. 2 shows the distribution 1 π dN dθ 2 vs.θ, where θ is the angular distance between the calculated Moon center position in celestial coordinates and the muon arrival direction. The significance of the deficit can be calculated by fitting this distribution with a function of the form [9, 32] :
where The observed signal can then be used to optimize the bin size for astronomy searches [3] . In fact we can choose the size of a circular window centered on the Moon that maximizes the statistics 
Maximum likelihood analysis
In the simple one dimensional analysis above, we have implicitly assumed that the position of the moon's shadow is known and the significance calculated as the PSF of the apparatus is a perfect two dimensional normal distribution.
However geomagnetic effects, displacement of the shadow and the distortions introduced by the true PSF, cannot be easily taken into account using this analysis. For all these reasons we have developed a binned likelihood method, A two dimensional likelihood analysis was performed, composing the observed data with the expectation from a source of unknown strength and position.
We filled a two-dimensional histogram, centered on the Moon position, and a similar histogram containing the simulated events, obtained by adding to the expected background [3] , the events due to a source at (x s , y s ) having a chance strength S M , spread according to the modified PSF. The source in this case should have negative strength, since we are looking for an attenuation. Both the observed and simulated events are plotted using horizontal coordinates (azimuth and altitude) and using equal solid angle bin (∆Ω = 0.125
For each of the bin in the histogram used, we assume to have a source exactly at the bin center, then the unknown strength S M is evaluated by minimizing the quantity χ 2 for poissonian distributed data [34] 
where the sum is over all bins in the window [34] , N i is the observed number of muons in the i-th bin, and N sim i the number of events in the same bin from the simulated distribution. The minimum value found in each bin, χ 2 (x s , y s , S M ) was then compared with χ 2 (0) for the null hypothesis that no shadowing source is present at the center of the bin (S M = 0). We then fill a new two-dimensional histogram filled with the quantity λ = χ 2 (0) − χ 2 (x s , y s , S M ). The most likely position of the Moon shadow is given by the bin having the maximum value λ max ≡ Λ. Since there is only one free parameter, the strength of the source
, a χ 2 distribution with one degree of freedom [33] . The significance of the moon detection is given by P(χ
In Figure 4 we show the results of this analysis in a window 4.375 • × 4.375 We estimated other parameters used in the simulation, like the Moon average radius [13] , in order to verify the correctness of the analysis or the MPSF shape itself [17] . For this consideration we assume that the true shadow center position is that having the largest deviation, i.e. at (0.
• ,+0. 
Day-Night effects
To study possible differences in the geomagnetic field due to the solar wind,
we divided the muon sample in two subsamples by requiring that the angular distance between the Moon and the Sun is smaller or larger than 90
• . This requirement is almost equivalent to a daytime-nighttime requirement on the data, similar to what was used in a previous analysis [35] . The results of the analyses for the two subsamples are shown in Fig.6a-b: there is a sharper shadow for the "night" sample, with a large significance, and a broader shadow for the "day" sample (with a lower significance). Since the two subsamples are almost equivalent (198183 and 206805 events for "day" and "night" respectively) we conclude that night events encounter a reduced geomagnetic field with respect to the day events [36] [37] [38] . The cause has probably to be ascribed to the different configuration of the geomagnetic field in the two sides. Also time varying effects can be different for the two subsamples.
Shadowing effect of the Sun
The same analysis was performed also for the Sun. In this case the total number of events collected with an angular distance from the Sun center of Since MACRO is located at a high latitude, it is possible that by averaging over a long period of observations the net result produces a displacement to the north as if the apparatus was mostly looking in the "away" hemisphere of the IMF. The amplitude and the direction of the shift is in agreement with other observations at the same energy range [40, 41] .
Antiproton flux limits
The displacement of the Sun shadow from the expected center position can be used to evaluate a limit on the antiproton abundance in the cosmic ray flux [20, 42, 22] . In fact if a primary antiproton flux is present, it should produce a displacement on the opposite direction with respect to that of the proton flux [20] . The χ 2 level in the symmetric position with respect to the sun center, i.e. at 0.6
• southward, results to be χ 2 = 3.2. In this case we use again the likelihood analysis to estimate an upper limit at the desired confidence level. Taking into account that the λ variable follows the χ 2 distribution with one degree of freedom, we can estimate the upper limit at 68% c.l. choosing ∆χ 2 = 1 and the upper limit at 90% c.l. choosing to ∆χ 2 = 2.7. Using this method we obtain n 68% = 125 events and n 90% = 155 events of deficit.
Therefore p/p = 51% at 68% c.l. and p/p = 62% at 90% c.l. for primaries at a mean energy of about 20 TeV [35] . We can also evaluate the upper limit looking to the event density distributions centered in the position found for the sun shadow, i.e. 0. 
